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Lectins are used extensively as research tools to detect and target speciﬁc oligosaccharide
sequences. Ricinus communis agglutinin I (RCA120) recognizes non-reducing terminal b-D-galactose
(Galb) and its speciﬁcities of interactions with neutral and sialylated oligosaccharides have been well
documented. Here we use carbohydrate arrays of sulfated Galb-containing oligosaccharide probes,
prepared from marine-derived galactans, to investigate their interactions with RCA120. Our results
showed that RCA120 binding to Galb1–4 was enhanced by 2-O- or 6-O-sulfation but abolished by 4-
O-sulfation. The results were corroborated with competition experiments. Erythrina cristagalli lec-
tin is also a Galb-binding protein but it cannot accommodate any sulfation on Galb.
 2011 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Carbohydrate chains of glycoproteins, glycolipids, proteoglycans,
and polysaccharides mediate many biological processes through
their interactions with functional proteins. Unraveling these inter-
actions is important inbiomedical sciences [1]. Lectins (the carbohy-
drate-binding proteins) are a diverse family of proteins that
recognize oligosaccharides. They are present in almost all living
organisms, from viruses, plants, to mammals, and exhibit a variety
of functions. Plant lectins of different speciﬁcities are particularly
useful tools andhave beenused extensively to detect and target spe-
ciﬁcoligosaccharide sequences in cell typing, tissue staining, charac-
terization of carbohydrates, and enrichment and puriﬁcation of
glycoproteins. Ricinus communis agglutinin I (RCA120) and Erythrina
cristagalli lectin (ECL) recognize carbohydrate chains with non-chemical Societies. Published by E
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osphoethanolamine; NGL,
-acetylglucosamine; GalNAc,
lneuaminic acid; anGal, 3,6-
e; LNT, lacto-N-tetraose; G4,
eoagar-tetrasaccharide; dsK,
enan; HBS, HEPES buffered
Laboratory, Department of
St Mark’s Campus, Harrow,
69 3455 (W. Chai).
imperial.ac.uk (W. Chai).reducing terminal b-D-galactose (Galb) and both lectins prefer
Galb1-4GlcNAc to Galb1-3GlcNAc sequence [2,3]. Increased afﬁnity
for highly branched Galb1-4GlcNAc containing N-glycans has been
observed [4,5], but repetition of the Galb1-4GlcNAc unit has no
apparent effect on its binding ability to RCA120 [2,4] and ECL [2].
RCA120 is puriﬁed from seeds of castor plant and is a tetrameric
hemagglutininwith twoa (29.5kD)and twob (37kD) subunits.Only
the b subunits of RCA120 display binding activity to Galb1-terminat-
ing oligosaccharides [6]. RCA120 has been one of the most widely
used lectins [7,8] and has been applied to study of cell surface glyco-
proteins [9,10] andused inafﬁnity chromatography for separationof
glycoproteins with Galb-terminating oligosaccharide chains from
glycolipids [11]. RCA120 has a preference for a Galb1–4 rather than
Galb1–3 or Galb1–6 terminal sequences. However, there seems no
speciﬁc requirement for the sub-terminal residue, e.g. Galb1-4Glc-
NAc, Galb1-4Glc and Galb1-4Man have shown similar activities
[4]. Modiﬁcation of the terminal Galb has signiﬁcant effect on its
binding ability to RCA120. For example, when the 2-OH of Galb was
replaced by 2-NAc, as in the case of GalNAcb, the activity was re-
duced [4]. Similarly, binding was reduced or abolished bymodiﬁca-
tion of the terminal Galb by an acidic sugar sialic acid (NeuAc) at
either the 3-O- or 6-O-positions [2,4]. Although ECL, puriﬁed from
the seed of E. cristagalli, is also a Galb1-binding lectin [12], some dif-
ferences in its binding speciﬁcity have been observed [2]. For exam-
ple, addition of an a-L-fucose (Fuc) to the 2-O-position of the
terminal Galb can enhance its binding ability to ECL [5]. However,lsevier B.V. All rights reserved.
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of the 3-OH or 6-OH of the terminal Galb [2,5].
For both lectins, substitution of Galb by sialic acid abolishes the
binding ability, but there has been very limited information on the
effect of sulfate substitutions. It has been recently reported, using
two commercial disaccharides based on the Galb1-4GlcNAc se-
quence with different sulfate substitutions, that 6-O-sulfation of
the Gal enhanced the binding whereas 3-O-sulfation on the GlcNAc
did not [3]. The effect of other sulfation patterns (e.g. 2-O-, 3-O- and
4-O-sulfation) of the important terminal Gal on their interactions
with RCA120 has not been investigated, presumably due mainly to
the difﬁculty in obtaining such oligosaccharides. In several carbohy-
drate recognition systems, e.g. in the case of E-selectin, sialyl in the
recognitionmotif Lewisa or Lewisx sequences canbe substitutedbya
sulfate, while the same activities were maintained [13,14]. The
importance of sulfation in oligosaccharide sequences has been
implicated in many biological processes. It would be important to
know the effect and to deﬁne the speciﬁcity of sulfation on Galb
interactionswith the two lectins in order to explore thewider scope
of their applications, e.g. in the rapid developingﬁeld ofmarine biol-
ogy of polysaccharides. Here we use variously sulfated Galb-con-
taining oligosaccharides, obtained from marine-derived galactans
(Fig. 1), to investigate their interactions with RCA120 and ECL. Sul-
fated galactans have shown a wide range of pharmacological activ-
ities including antiviral, antitumoral, immunoregulatory, anti-
angiogenic, anti-inﬂammatory, anti-coagulant and anti-thrombotic
properties [15] and have become of considerable biomedical inter-
est. Deﬁnition of the speciﬁcities and the detailed knowledge of
the lectin binding activities to sulfated non-reducing terminal Gal
will be important for their potential application, as a very usful tool,
in marine carbohydrate research.
Sulfated galactan-oligosaccharideswere prepared from red algae
polysaccharide carrageenans and agarose (Fig. 1) by controlledmild
acidhydrolysis [16–18]. These oligosaccharideswere converted into
neoglycolipid (NGL) probes by reductive amination [19–21] for their
immobilization on solid surfaces by hydrophobic interaction. NGLs
were arrayed on nitrocellulose membranes for binding assays and
onmicrotiter well surface for inhibition experiments. Carbohydrate
microarray has recently emerged as a promising tool for high-
throughput analysis of carbohydrate–protein interactions as only
small amounts of sample are required and many compounds can
be screened in parallel in a single operation [1,22–24]. In the present
study we use the array format for binding experiments and the re-
sults obtainedwere corroborated by inhibition assays for investiga-
tion of sulfated galactan oligosaccharide interactions with RCA120
and ECL.
2. Materials and methods
2.1. Materials
Odd-numbered j-carrageenan- and agarose-derived tri- to
undecasaccharides (K3–K11 and A3–A11, respectively), even-num-
bered i-carra-tetra- to decasaccharides I4–I10 (see Table for struc-
tures), and 6-O-sulfated agarose polysaccharide (from Gloiopeltis
furcata) were prepared in our laboratory as described previously
[16,17]. Lacto-N-neotetraose (LNnT), lacto-N-tetraose (LNT), galac-
totetraose (G4), neoagar-tetrasaccharide (A4) and LS-tetrasaccha-
ride C (LSTc) were purchased from Dextra Laboratories (Reading,
UK). Marine-derived galactans j- and k-carrageenan, glucose, lac-
tose, primulin, orcinol, tetrabutylammonium cyanoborohydride,
ﬂuorescein isothiocyanate-conjugated streptavidin (streptavidin-
FITC), Tween 20, streptavidin-peroxidase, 3,30,5,50-tetramethyl-
benzidine, urea hydrogen peroxide and 1,2-dihexadecyl-sn-glyce-
ro-3-phosphoethanolamine (DHPE) were purchased from Sigma(Shanghai, China). Biotinylated RCA120 (biotin-RCA120) and ECL
(biotin-ECL) were purchased from Vector Laboratories (Peterbor-
ough, UK). Nitrocellulose membrane was from Bio-Rad (Hemel,
Hempstead, UK) and SPE Silica columns from Waters (Manchester,
UK). All other reagents and solvents used were analytical grade.
2.2. Preparation of 6-O-sulfated agaro- and k-carra-oligosaccharides
Mild acid hydrolysis of sulfated agarose was performed essen-
tially as previously described [17],with somemodiﬁcations. In brief,
the polysaccharide (20 mg/ml) was treated with 0.1 M H2SO4 at
60 C for 2 h. The hydrolytic product was neutralized, concentrated
and subjected to gel ﬁltration chromatography on an ÄKTA-FPLC
system (Pharmacia Biotech, Sweden) using a Superdex 30 column.
Hydrolysate of sulfated agarose was eluted with 0.1 M NH4HCO3
at a ﬂow of 0.1 ml/min with detection by refractive index. Oligosac-
charide fractions were pooled and the volatile NH4HCO3 was re-
moved by lyophilization.
Oligosaccharides of k-carrageenan were similarly prepared, but
the polysaccharide concentration was at 10 mg/ml and the hydro-
lysis was at 80 C for 3 h. Gel ﬁltration chromatography was carried
out with 0.3 M NH4HCO3.
2.3. Preparation of desulfated j- and k-carra-oligosaccharides
Desulfation of k-carrageenan polysaccharide was carried out
essentially as described [25,26]. In brief, k-carrageenan (50 mg)
was dissolved in 9 ml of dry dimethyl sulfoxide before addition
of pyridine (6 ml), pyromellitic acid (65 mg) and NaF (60 mg).
The mixture was stirred at 120 C for 3 h. The reaction was stopped
by cooling down to room temperature and mixing with aqueous
NaHCO3 solution (3%, 5 ml). The reaction mixture was dialyzed
(MWCO 3.5 KD) and the retained fraction was concentrated by ro-
tary evaporation before lyophillization to obtain the desulfated k-
carrageenan polysaccharide.
Forhydrolysis, thedesulfated k-carrageenan (10 mg/ml)was dis-
solved in 0.1 M H2SO4 and the mixture was incubated at 80 C for
6 h. The reaction was stopped by neutralization with 1 M NaOH
and the salt was removed by a Sephadex G10 column
(1.0  100 cm). The desalted sample was then passed through a Q-
Sepharose Fast Flow anion exchange column (1.0  5 cm), with
washing by de-ionized water, to ensure a completely removal of
any possible residual sulfated oligosaccharides. The neutral oligo-
saccharide mixture obtained was then fractionated by gel ﬁltration
with a Superdex Peptide column (Tricorn 10/300 GL) to obtain des-
ulfated k-carra-di-, tri- and tetrasaccharides dsL2, dsL3 and dsL4
(Table 1, #28–30). Desulfated j-carra-trisaccharide dsK3 (Table 1,
#7) was similarly prepared.
2.4. Preparation, puriﬁcation and quantitation of oligosaccharide
neoglycolipids
Conjugation of oligosaccharides to DHPE, by reductive-amina-
tion, and their puriﬁcation and quantitation were performed as
previously described [19–21]. NGLs were puriﬁed by mini-silica
columns (3 ml) and quantiﬁed before stored in glass vials at
20 C. Stock solutions of NGLs were diluted to 10 pmol/ll for
binding assay and 4 pmol/ll for inhibition assay before use.
2.5. Binding assays of oligosaccharide NGLs with RCA120 and ECL
The conditions for binding experiments were initially tested at a
range of probe concentrations (2–50 pmol/ll) using NGLs of se-
lected oligosaccharides, including the negative and positive con-
trols, and also at different lectin concentrations (1–10 lg/ml for
Fig. 1. Non-reducing terminal sequences of marine-derived galactan oligosaccharides. In agarose the anGal residue is in an L-conﬁguration (as shown) whereas in
carrageenans (carra) the anGal is in a D-conﬁguration (not shown).
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carried out [19].
NGL probes (1 ll, 10 pmol) were arrayed by nitrogen-assisted
jet spray (Linomat 5, Camag) as 1 mm band onto a nitrocellulose
membrane (20  20 mm) for binding assay. For visual assessment
the NGL probes were arrayed onto a silica gel TLC plate and stained
with primulin reagent.
For binding assay the nitrocellulose membrane was blocked
with 3% BSA (w/v) in HEPES-buffered saline (HBS, 10 mM HEPES
buffer, pH 7.4, with 150 mM NaCl, 2 mM CaCl2, 0.01 mM MnCl2)
for 1 h at room temperature before washed with HBST (HBS with
0.05% Tween 20, 4  3 min). Biotin-RCA120 and biotin-ECL were
warmed at 37 C before diluted to 5 lg/ml (biotin-RCA120) and
10 lg/ml (biotin-ECL) in HBS containing 1% BSA. The membranes
were incubated with the diluted lectins at 37 C for 2 h. After
washing with HBST (4  3 min), binding signals were detected byoverlaying with streptavidin-FITC (1 lg/ml) in HBS containing 1%
BSA at 37 C for 0.5 h [27–29].
Binding signals were captured with a Nikon DS-5Mc digital
camera mounted to a Nikon SMZ1500 ﬂuorescence stereomicro-
scope (Nikon Instruments, Shanghai). The signals were quantiﬁed
with Gel-Pro Analyzer software (Media Cybernetics, USA).
2.6. Inhibition of RCA120 bindings to oligosaccharide NGLs
immobilized on microtiter plates
Enzyme linked immunoassay-based inhibition of RCA120 binding
was performed in microtiter plate with NGL (50 ll, 200 pmol)
immobilized on the plastic surface of microwells and oligosaccha-
rides as the inhibitors according to the procedures described
previously [5,20]. The volume of each reagent applied to the plate
was 50 ll/well and all incubations were performed at 37 C.
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Inhibition assay was initially performed using lactose as the
inhibitor with seven selected NGLs immobilized on the microwells.
Each NGL was coated onto 12 wells (10 wells for 5 dilutions of
inhibitor in duplicate and 2 wells for controls). Washing and block-
ing were performed as Method 2.5. Serially diluted lactose inhibi-
tors were mixed with a ﬁxed amount of biotin-RCA120 (7.5 pmol
per well) and added to each well for incubation (2 h). For detection
of residual binding, each well was incubated with streptavidin-per-
oxidase (1 lg/ml) for 0.5 h before addition of a freshly prepared
mixture of TMB and urea hydrogen peroxide (0.05 M carbonate
buffer-0.1 M phosphate buffer, pH 5.0). The mixture was allow to
stand for 20 min and the reaction was stopped by addition of
2 M H2SO4 (50 ll). The absorbance at 450 nm was recorded by a
microtiter plate reader. The inhibition of RCA120 binding to the se-
lected oligosaccharide NGL probes by lactose was expressed as fol-
low: OD450nm of binding = OD of tested NGL  OD of the negative
control.
Inhibition assay was also performed using LNnT-NGL as the
immobilizedprobeanddifferentoligosaccharides as inhibitors. Seri-
ally diluted oligosaccharides inhibitors were mixed with a ﬁxed
amount of biotin-RCA120 (7.5 pmol per well) and added to eachwell
for incubation (2 h). The assay and detection procedures were simi-
larly performed and the percentage of inhibition of binding ex-
pressed as follow: % = [(OD without inhibitor  OD with inhibitor)/
OD without inhibitor]  100.3. Results
3.1. Preparation of sulfated galactan oligosaccharides and their NGL
probes
Galactan oligosaccharides containing non-reducing terminal
Galb1–4 sequences with various sulfation patterns, e.g. 2-O-, 4-O-
and 6-O-sulfates (2S, 4S and 6S, respectively), were prepared from
marine polysaccharides j-, i- and k-carrageenans, and sulfated
agarose after partial depolymerization by mild acid hydrolysis
[17]. Hydrolytic products were fractionated by gel ﬁltration chro-
matography and oligosaccharides obtained were analyzed by neg-
ative-ion electrospray mass spectrometry for molecular size
determination [30] and by tandemmass spectrometry for sequenc-
ing [17,18].
In the k-carrageenan hydrolysate, due to the lack of anGal resi-
dues (Fig. 1), the acid hydrolytic cleavage is not as highly speciﬁc as
for j- and i-carrageenans [17], and therefore two alternative se-
quences were obtained with the non-reducing terminal sequence
being either Galb1-4Gal or Gala1-3Gal. 1H NMR was used to deter-
mine the ratio of the two possible sequences. For convenience, the
desulfated disaccharide, dsL2 (Table 1), was used as an example.
The 1H NMR spectrum obtained (Supplementary Fig. S1) clearly
indicated the presence of >80% of Galb1-4Gal sequence. Thus the
dominant sequences were listed for k-carra-oligosaccharides in Ta-
ble 1.
In order to carry out direct binding assays, the sulfated galactan
oligosaccharides were converted into NGLs for their immobiliza-
tion on solid matrices. The NGL probes thus obtained include ﬁve
k-carra-oligosaccharides L2–L6 with non-reducing terminal se-
quence Gal(2S)b1-4Gal(2S6S)a1- and three desulfated analogs
dsL2–dsL4 (Table 1), together with various internal anGal-contain-
ing oligosaccharides. The latter include ﬁve agaro-oligosaccharides
A3, A5–A11 with terminal Galb1-4anGal and their two sulfated
analogs sA3 and sA5, having a sulfate at the 6-O-position of termi-
nal Galb, Gal(6S)b1-4anGala1-; four j-carra-oligosacchardes K3–
K9 with terminal Gal(4S)b1-4anGala1- and a desulfated trisaccha-ride dsK3; and four i-carra-oligoaccharides I4–I10 with terminal
Gal(4S)b1-4anGal(2S)a1- sequence, as listed Table 1.
3.2. RCA120 and ECL binding to sulfated galactan oligosaccharide NGL
probes on mini-arrays
Thirty NGLs were printed, at 10 pmol/band, as mini-arrays on
nitrocellulose membranes for overlay binding experiments
(Fig. 2C and D) and on a silica gel HPTLC plate (Fig. 2B) for visual-
ization of the printed probes after primulin staining [19]. The lay-
out of NGLs is shown in Fig. 2A.
The nitrocellulose membrane was blocked with BSA, incubated
with biotin-RCA120. Lectin binding was detected with streptavidin-
FITC and the ﬂuorescence binding signals were captured. The fuo-
rescence intensities were determined, and the results (as
means ± SD) are shown in Fig. 2E and data summarized in Table 1.
Clearly RCA120 showed differential bindings to the immobilized
probes (Fig. 2C and E). The inﬂuence of sulfate substitution at the
terminal Galb1–4 on the interactions with RCA120 was apparent.
When the terminal Galb was 4-O-sulfated, e.g. in the cases of i-
and j-carra-oligoaccharides, I4–I10 and K3–K9 (#12–15 and #8–
11, respectively) with and without sulfation on the sub-terminal
anGal, binding was abolished (Fig. 2C and E, Table 1). To conﬁrm
the negative effect of the 4-O-sulfation, the trisaccharide K3 (#8)
was chemically desulfated and the binding was restored with the
resulting dsK3 (#7) as shown in Fig. 2E. It is also interesting to note
that the agaro-trisaccharide A3 (#16) and desulfated j-trisaccha-
ride dsK3 (#7) have same sequence, but the internal anGal has a
different conﬁgurations. In A3 it is an L-anGal whereas in dsK3 it
is a D-anGal. However the binding intensities of A3 and dsK3 were
similar, indicating that the D/L-conﬁguration of a sub-terminal an-
Gal has no effect on the binding of Gal-terminating oligosaccharide
to RCA120.
When a 6-O-sulfate was introduced into the neutral agaro-tri-
and pentasaccharides binding was enhanced, as demonstrated by
the stronger signals from 6-O-sulfated sA3 (#5) and sA5 (#6) com-
pared with the neutral A3 (#16) and A5 (#18) shown in Fig. 2E.
Sulfation at the 2-O-position of the terminal Galb also had a po-
sitive effect on the binding to RCA120. As shown in Fig. 2E and Table
1, the k-carra-oligosaccharides L2–L6 (#22–26) gave strong bind-
ing signals. Again, to demonstrate the effect of the sulfation on
the interaction with RCA120, the 2-O-sulfate of the k-carra-di-
(L2, #22), tri-(L3, #23) and tetrasaccharide (L4, #24) was removed
to give dsL2 (#28), dsL3 (#29) and dsL4 (#30), respectively. After
removal of the 2-O-sulfate, RCA120 binding was reduced consider-
ably. It should be noted that chemical desulfation by acid hydroly-
sis was, unfortunately, not speciﬁc to remove only the 2-O-sulfate
on the terminal residue. The reaction also led to concurrent re-
moval of the 2-O- and 6-O-sulfates on the subterminal residue. It
has been documented previously that sulfation on the subterminal
residue has less effect than the terminal Gal on RCA120 binding
activity [3]. Our results also indicated that 2-O-sulfation on the
subterminal anGal in I4 – I10 (#12–15) did not confer any binding
signal as compared with K3 – K9 (#8–11). Therefore, we attributed
the enhanced activity to mainly the terminal 2-O-sulfation but not
the sulfation at the subterminal residue. More evidence may be re-
quired to support the conclusion when an oligosaccharide with 2-
O-sulfation only at the non-reducing Gal becomes available.
Some strong binding signals were observed with the agarose-
derived oligosaccharides containing the terminal sequence of
Galb1-4anGal (Probes #16, #18–21), indicating that the sub-termi-
nal 3,6-anhydro form of galactose did not interfere with the inter-
action of the terminal b1–4 linked Gal with RCA120. Upon a more
careful examination of the binding signals elicited by the anGal-
containing trisaccharides #7 and #16, compared with that from
#29, it is apparent that the sub-terminal anGal had a positive effect
Table 1
Interaction of RCA120 with sulfated galactan oligosaccharides.
Oligosaccharide Probe Name Sequencea Bindingb Inhibit A Inhibit B
Control 1 LNnT Galb1-4GlcNAcb1-3Galb1-4Glc ++ + +++
2 LNT Galb1-3GlcNAcb1-3Galb1-4Glc –
3 Lac Galb1-4Glc +
4 LSTc Neu5Aca2-6Galb1-4GlcNAcb1-3Galb1-4Glc –
27 G4 Gala1-3Galb1-4Gala1-3Gal +
s-Agarose 5 sA3 Gal(6S)b1-4anGala1-3Gal(6S) ++++ +++ +++
6 sA5 Gal(6S)b1-4anGala1-3Gal(6S)b1-4anGala1-3Gal(6S) ++++
j-Carra 7 dsK3 Galb1-4anGala1-3Gal ++
8 K3 Gal(4S)b1-4anGala1-3Gal(4S) – – +
9 K5 Gal(4S)b1-4anGala1-3Gal(4S)b1-4anGala1-3Gal(4S) –
10 K7 Gal(4S)b1-4anGala1-[3Gal(4S)b1-4anGala1]2-3Gal(4S) –
11 K9 Gal(4S)b1-4anGala1-[3Gal(4S)b1-4anGala1]3-3Gal(4S) –
i-Carra 12 I4 Gal(4S)b1-4anGal(2S)a1-3Gal(4S)b1-4anGal(2S) –
13 I6 Gal(4S)b1-4anGal(2S)[a1-3Gal(4S)b1-4anGal(2S)]2 –
14 I8 Gal(4S)b1-4anGal(2S)[a1-3Gal(4S)b1-4anGal(2S)]3 –
15 I10 Gal(4S)b1-4anGal(2S)[a1-3Gal(4S)b1-4anGal(2S)]4 –
Agarose 16 A3 Galb1-4anGala1-3Gal ++ ++ ++
17 A4 anGala1-3Galb1-4anGala1-3Gal – – –
18 A5 Galb1-4anGala1-3Galb1-4anGala1-3Gal +++
19 A7 Galb1-4anGala1-[3Galb1-4anGala1]2-3Gal +++
20 A9 Galb1-4anGala1-[3Galb1-4anGala1]3-3Gal +++
21 A11 Galb1-4anGala1-[3Galb1-4anGala1]4-3Gal +++
k-Carra 22 L2 Gal(2S)b1-4Gal(2S6S) +++
23 L3 Gal(2S)b1-4Gal(2S6S)a1-3Gal(2S) +++ +++ ++
24 L4 Gal(2S)b1-4Gal(2S6S)a1-3Gal(2S)b1-4Gal(2S6S) +++
25 L5 Gal(2S)b1-4Gal(2S6S)a1-3Gal(2S)b1-4Gal(2S6S)a1-3Gal(2S) ++
26 L6 Gal(2S)b1-[4Gal(2S6S)a1-3Gal(2S)b1]2-4Gal(2S6S) +++
Des-k-carrac 28 dsL2 Galb1-4Gal +
29 dsL3 Galb1-4Gala1-3Gal +
30 dsL4 Galb1-4Gala1-3Galb1-4Gal +
a Gal(2S), 2-O-sulfated galactose; Gal(4S), 4-O-sulfated galactose; Gal(6S), 6-O-sulfated-galactose; Gal(2S6S), 2,6-O-disulfated galactose; anGal, 3,6-anhydro-galactose.
b Binding intensity was based relative ﬂuorescence recorded: ++++ (P 160); +++ (between 160 and 100); ++ (between 100 and 80); + (between 80 and 20); – (<20).
c Desulfated k-carra-oligosaccharides contain two alternative sequences with the same molecular sizes and the main sequences were shown (see text in Section 4).
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ing terminal position, e.g. in the case of A4 (#17), the binding was
decreased considerably as compared with A3 (#16, Fig. 2E and Ta-
ble 1). The reduction of binding can be attributed to mainly the
presence of anGal rather than its a1–3 linkage, as the galacto-tet-
rasaccharide G4 (#27) with a Gala1–3 linkage gave appreciable
binding.
For comparison, binding activities of the sulfated galactan oligo-
saccharides with ECL were also investigated. As shown in Fig. 2D
and F, the results were apparently different from those obtained
with RCA120. None of the galactan oligosaccharide probes gave
stronger binding signals than the control LNnT (#1) which contains
a terminal sequence of Galb1-4GlcNAc [2,4]. Within the probes
investigated, ECL showed somewhat higher binding intensities to
the non-sulfated probes, e.g. dsK3 (#7), A3 (#16) and A5-A11
(#18–21), than the sulfated probes.
3.3. Inhibition of RCA120 interactions with galactose-terminating
oligosaccharides
To corroborate the results obtained from the binding experi-
ments, competition assays were performed using oligosaccharides
as inhibitors.
As direct inhibition assay using the membrane mini-array for-
mat is not straightforward, microtiter plate with NGL probes
immobilized on plastic microwell surface was used for initial inhi-
bition assay [20]. NGLs of sA3, K3, A3, L3 and A4, together with
LNnT and Glc as controls, were selected as immobilized probes
for interaction with RCA120. Lactose, which speciﬁcally binds to
RCA120, at different concentrations, was used as the inhibitor. As
shown in Fig. 3A, the results obtained were in broad agreement
with the mini-array binding assay. NGL probe of sA3 with aterminal 6-O-sulfate showed strongest binding intensity, with an
order of sA3 > L3 > A3 > LNnT. K3 showed very weak activity
whereas A4 and glucose were negative as expected.
An alternative method of competition assay was also used for
quantitative assessment of the interaction. LNnT NGL was immobi-
lized on the microwell surface and the seven different oligosaccha-
rides were used as inhibitors. As shown in Fig. 3B, sA3, together
with LNnT, displayed the highest inhibition activities and L3, A3
and K3 showed intermediate activities. Again A4 and glucose were
negative. A similar order of inhibitory activity can be obtained:
sA3 = LNnT > L3 > A3 > K3.
4. Discussion
The binding properties of RCA120 and ECL to different oligosac-
charides have been investigated extensively by using immune-pre-
cipitation [12], inhibition [4,5,31], afﬁnity chromatography [2],
NMR spectroscopy [32], isothermal titration calorimetry and sur-
face plasmon resonance method [33] with emphasis on the
Galb1-containing neutral oligosaccharides. Direct binding assays
using various immobilized oligosaccharide probes in an array for-
mat have found increasing use in deriving directly the speciﬁcities
of carbohydrate binding proteins [3,19,21,27–29].
Our results described here conﬁrmed the importance of Galb1–
4-related oligosaccharide sequences for binding with RCA120. Sim-
ilar to previous reports, substitution by an acidic sialyl residue at
the 6-O-position of the terminal Galb1–4 (LSTc, #4) signiﬁcantly
reduced the binding afﬁnity [2,4,6,34] and increase of repetition
of the disaccharide unit (#22–26) had no apparent effect on its
afﬁnity to RCA120. Unexpectedly, we have shown that the sub-ter-
minal anGal residue had a positive effect on RCA120 recognition as
the trisaccharide dsK3 (Galb1-4an Gala1-3Gal, #7) gave stronger
Fig. 2. Lectin bindings to mini-array of 30 oligosaccharide neoglycolipid probes printed on nitrocellulose membrane. (A) The layout of NGL probes. (B) Fluorescence images of
the printed probes on a silica gel TLC plate after primulin staining. (C) Binding of RCA120. (D) Binding of ECL. (E) Quantiﬁed ﬂuorescence binding signals of RCA120. (F)
Quantiﬁed ﬂuorescence binding signals of ECL.
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note that the results for LNnT obtained from the binding and the
two inhibition assays were not completely consistent. LNnT had
relatively lower binding to RCA120 but it was an effective compet-
itor for the immobilized LNnT probe. It is possible that RCA120 mayhave two binding sites with different binding properties as the re-
lated RCA60 B chain which has two lactose binding sites with differ-
ent afﬁnities [35].
We further demonstrated the effect of sulfate substitution on
binding afﬁnities with RCA120 and ECL using two series of sulfated
Fig. 3. Inhibition of RCA120-oligosaccharide interaction. (A) Binding of RCA120 to
selected NGL probes immobilized on the microtiter plate were inhibited by lactose.
(B) Binding of RCA120 to LNnT-NGL immobilized on wells of microtiter plates were
inhibited by oligosaccharides LNnT, Glc, sA3, K3, A3, L3 and A4.
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Gala1- analogs. For RCA120, sulfation at the 6-O- or 2-O-positions
of the terminal Galb enhanced the binding activity whereas sulfa-
tion at the 4-O-position diminished the activity, when compared
with the respective non-sulfated sequences. However, forinteraction with ECL, sulfation did not give any apparent effect.
The conclusions with RCA120 were supported by further competi-
tion experiments using NGLs as the immobilized probes and oligo-
saccharides as inhibitors.
Our results are somewhat different from a previous study, in
which it concluded that neither 2-O- nor 4-O-substitution can be
accommodated [2]. Increased binding activity with 6-O-sulfation
is also in contrast to the negative effect of sialyl substitution at 6-
O-position described previously [2,4,6]. As the RCA120 binding spec-
iﬁcities have been derived from many different studies during the
past several decades using different methodologies and different
types of carbohydrate probes, it would be ideal to have a compre-
hensive comparison of the effect of all the possible substitutions of
the terminal Gal, including sulfation, sialylation, fucosylation and
N-acetylation together with oligosaccharides of different chain
lengths and sequences using a library containing all the available
probes. This now has become possible with the development of car-
bohydratemicroarray,which uses only very little amounts of carbo-
hydrate materials and gives reliable binding signals for direct
comparison [3,19,22,28].
It has been recently indicated that due to the potential risk of
contamination by the highly toxic isolectin ricin, search for an
alternative but with similar activities is of urgency [2]. ECL has
been suggested to be a lectin with similar overall speciﬁcities but
cautions have to be taken in interpretation of results as some ﬁne
difference did exist [2]. Our results described here further high-
lighted the signiﬁcant difference between RCA120 and ECL in the ef-
fect of sulfate substitutions on the binding activities. RCA120 and
ECL have been widely used for binding and recognition studies of
Galb1-containing oligosaccharides. Our work described here dem-
onstrated the potential application of the plant lectins, as impor-
tant research tools, for the characterization of marine-derived
galactans, particularly the sulfated ones.
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